1. Introduction {#sec1}
===============

COVID-19 is a disease caused by a new strain of coronavirus SARS-CoV-2 that originated in Wuhan (Hubei, China) in December 2019 \[[@bib1]\]. As of July 6, COVID-19 has infected 11,327,790 people and claimed the lives of 532,340 of them worldwide, while showing no signs of containment \[[@bib2],[@bib3]\]. The urgent development of effective drugs and vaccines is essential for humanity to overcome this contagious disease. Being a single stranded positive sense RNA virus, SARS-CoV-2 contains more than 10 types of viral structural and non-structural proteins (SP and NSP) \[[@bib4]\]. Researchers across the world have been unremittingly analyzing the x-ray crystal structures and cryo-electron microscopy (cryo-EM) structures of these proteins, and the data on these structures is being continuously published on the Protein Data Bank (PDB). Especially, the Protein Data Bank Japan (PDBj) \[[@bib5]\] has posted representative and all entries by category in an easy-to-understand manner on its feature page. The spike (S) glycoproteins protruding from the viral surface play important roles in the infection process from the virus to the host cell \[[@bib6],[@bib7]\], hence constituting a critical target for vaccines and effective drugs. Other promising potential drug targets include NSPs, such as main protease (Mpro) \[[@bib8]\] and RNA-dependent RNA polymerase (RdRp) \[[@bib9],[@bib10]\]. Additionally, drugs such as Remdesivir \[[@bib11],[@bib12]\], Favipinavir \[[@bib13]\], Nelfinavir/Cepharanthine \[[@bib14],[@bib15]\], Lopinavir/Ritonavir (KALETRA) \[[@bib16]\], and Ivermactin \[[@bib17]\] have been attracting attention as candidate compounds for use as effective cures.

*In silico* analysis using molecular simulations can effectively utilize the published structural data for drug development. Various techniques are being utilized including docking, classical molecular dynamics, and quantum chemistry. In particular, the fragment molecular orbital (FMO) method \[[@bib18], [@bib19], [@bib20]\] is a quantum chemical calculation technique that divides macromolecules such as proteins and nucleic acids into fragments, thereby enabling the high-speed computation of electronic states of whole systems. This method is also effective in analyzing interaction energy between fragments; hence, it has been used frequently in recent years for the quantitative evaluation of complex structures in fields related to drug development \[[@bib21],[@bib22]\] and structural biology \[[@bib23],[@bib24]\]. Regarding the *in silico* analysis of COVID-19-related proteins, the results of classical molecular dynamics simulation have been made available on the Internet \[[@bib25], [@bib26], [@bib27]\]. In addition, docking analyses \[[@bib15],[@bib28]\] and FMO calculations \[[@bib28], [@bib29], [@bib30]\] are being actively performed. The FMO database (FMODB) developed by our collaborative research team including the authors launched a COVID-19 feature page on April 17 \[[@bib31],[@bib32]\]. Utilizing a supercomputer, the team has been performing FMO computations one after another and publishing the results. As of July 6, the database has published the FMO calculation results of 186 complex structures of COVID-19-related proteins.

At present, Remdesivir is one of the most promising drugs for COVID-19, with countries rushing to officially approve its use. Recent studies have revealed the cryo-EM structure of the complex comprising Remdesivir and its target protein RdRp (nsp12) \[[@bib33], [@bib34], [@bib35]\], cofactors (nsp7 and nsp8), and template-primer RNA strands \[[@bib9]\]. This paper reports the FMO calculation results of the cryo-EM structure and the results of a quantitative energy analysis, revealing intermolecular interactions between Remdesivir, RdRp, and template-primer RNA.

2. Materials and methods {#sec2}
========================

The structural data was referenced in the PDBj (PDBID: [7BV2](pdb:7BV2){#intref0015}) \[[@bib9]\]. Molecular Operating Environment (MOE) \[[@bib36]\] software was used for modeling the molecular structures. First, the structures were corrected by the *structure preparation* function, and hydrogens were added by *protonate* *3D*. For the N- and C-termini of proteins, --NH~2~ and --COOH were capped, respectively. Next, the fixed atomic coordinates were released in stages in order from water molecules, ions, side chains, to main chains, thereby achieving structural optimization under constraint conditions (tether = 1). Amber14:EHT was used for the force field, with a cutoff radius of 12 Å. When FMO calculations were performed, the water molecules and ions were deleted. The theoretical level of the FMO calculation was FMO2-MP2/6-31G∗ \[[@bib37],[@bib38]\]. The computation program used was ABINIT-MP \[[@bib20]\]. Inter-molecular interactions in the vicinity of Remdesivir were analyzed using inter-fragment interaction energy (IFIE), and IFIE were decomposed by pair interaction energy decomposition analysis (PIEDA) into four energy components; electrostatic (ES), exchange repulsion (EX), charge transfer with mixed term (CT + mix) and dispersion (DI) contributions \[[@bib39]\]. The unit of fragment division was amino-acid residues for proteins, whereas for RNA, the base moiety and sugar-phosphate backbone were regarded as separate fragments \[[@bib40]\]. Although the monophosphate form of Remdesivir forms a covalent bond with RNA, the phosphate and sugar parts of Remdesivir were divided, and the remaining sugar and base parts were treated as one fragment ([Figure S1](#appsec1){ref-type="sec"}). The molecular complex used for the computations comprised Remdesivir, template-primer-RNA duplex, and RdRp-cofactor (nsp12-nsp7-nsp8), consisting of 1006 residues and 26 bases including Remdesivir. This is to say that the whole molecular size used in the calculation to be 16,770 atoms and 1057 fragments ([Fig. 1](#fig1){ref-type="fig"} ).Fig. 1(a) The overall structure of the 7BV2 complex used for the FMO calculations. Remdesivir is represented as an atomic-colored CPK model. Both the double-strand structure and atoms of RNA are shown in green. The magnified images of the Remdesivir surrounding structure are atomic-colored on both the RNA side (b) and the RdRp side (c). Atomic colors are as follows: carbon: gray; oxygen: red; nitrogen: blue; phosphorus: pink; and hydrogen: white. The base names for the RNA template strand are marked with an apostrophe ('). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 1

3. Results {#sec3}
==========

[Fig. 1](#fig1){ref-type="fig"} (a) shows the structure used in the FMO calculations. From the perspective of steric conformation, the base part of Remdesivir forms not only two hydrogen bonds with the facing +1U' (as with normal A-U base pairs) but also an additional hydrogen bond with the adjacent intra-strand -1U ([Fig. 1](#fig1){ref-type="fig"} (b)). Additional contact is also observed between the nitrile substitution (-C≡N) on the sugar backbone and Thr687 in addition to hydrogen bond between the hydroxyl group of sugar and Asn691 ([Fig. 1](#fig1){ref-type="fig"} (c)). [Fig. 2](#fig2){ref-type="fig"} shows the results of FMO calculations for these structures. [Fig. 2](#fig2){ref-type="fig"} (a) graphs the IFIEs between Remdesivir and amino-acid or RNA fragments, whereas [Fig. 2](#fig2){ref-type="fig"} (b) represents the PIEDA energies that are decomposed values of the former. In the protein part, ones whose IFIE absolute value is ±2 kcal/mol or above are shown. In the RNA part, ones in the vicinity of Remdesivir are shown. The superscript b in the RNA part signifies a base fragment. Based on the surrounding structure of Remdesivir shown in [Fig. 1](#fig1){ref-type="fig"}, and compared with the FMO energies, strong IFIE interactions are noted with amino-acid fragments Thr687, Asn691, and Asp760. The PIEDA energies of these residues reveal their interaction properties. A major ES contribution and a CT contribution were observed for Thr687 and Asn691, indicating hydrogen bonding property. Meanwhile, the only interaction property for Asp760 was electrostatic (ES) caused by polarized electric charges within the fragments. It should be noted that the ratio of DI contribution was relatively large in Thr687, suggesting OH/π interaction by the π electron in the nitrile group of Remdesivir. The IFIEs of the base fragments revealed strong attractive interactions at the base parts +1U′, -1A′, and -1U. The PIEDA energies of +1U′ base indicated that there is hydrogen bonding interaction with the major ES contribution and non-negligible CT and DI contributions. -1A′ has a π-π stacking interaction mainly by the DI contribution, and -1U has both hydrogen bonding interaction by the ES and CT contributions and π-π stacking interaction by the DI contribution. The strength of these base interactions is structurally mapped on [Fig. 3](#fig3){ref-type="fig"} . Many of the interactions with Remdesivir were hydrogen bonds; therefore, ES (red) was dominant. However, DI (green) was dominant only for -1A', with the diagonal π-π stacking between the purine rings stabilizing the overall structure. As pointed out in the original article regarding cryo-EM structural analyses \[[@bib9]\], there are five Remdesivir binding residues on the RdRp: Lys545, Arg555, Ser682, Asn691, and Asp760. In this study, the FMO calculation results identified Thr687, Asn691, and Asp760 to be critical. As Lys545 was electrostatically repulsive and Arg555 was situated distantly, their contribution was negligible. Ser682 formed a hydrogen bond with +1U of the complementary strand, rather than with Remdesivir. The exhaustive IFIE and PIEDA values of all fragment pairs constituting the RdRp-RNA-Remdesivir complex have been made available on our FMODB database for viewing and downloading (FMODBID: 1JL3Z) \[[@bib31]\].Fig. 2In this graph of the IFIEs (a) and their energy decomposition analysis (PIEDA) (b), only the names of proteins with an interaction energy of ±2 kcal/mol or above and the names of RNA in the vicinity of Remdesivir are listed. The superscript b beside RNA signifies a fragment in the sugar-base part.Fig. 2Fig. 3This figure visualizes the main components of PIEDA energy in the vicinity of Remdesivir. Remdesivir is the yellow-colored ball and stick model, and the other structures are represented as the stick models contrasted depending on the intensity of interaction. When the main component of the interaction with Remdesivir is electrostatic interaction (ES), the attractive and repulsive energies are colored in red, and blue, respectively. When the main component is dispersion interaction (DI), the energy is colored in green. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 3
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=============

[Fig. 4](#fig4){ref-type="fig"} shows the summary of interactions in the vicinity of Remdesivir, a nucleic acid analog. In previous studies, we reported on FMO calculation results regarding interactions between nucleic acid bases. In double-strand DNA, the IFIE of Watson-Crick hydrogen bond was −40 ∼ −50 kcal/mol for A-T pairs and around −20 kcal/mol for C-G pairs, and the 1,2-stacking energy was approximately −10 ∼ −20 kcal/mol \[[@bib41], [@bib42], [@bib43]\]. In RNA complexes, stacking within a single-strand RNA was an interaction weaker than −10 kcal/mol \[[@bib23]\]. Compared with these energy values, the 1,2-stacking energy was −27.43 kcal/mol and the single-strand stacking energy was −17.38 kcal/mol in the Remdesivir base analog interaction. Therefore, the stacking interaction of the base analog Remdesivir was found to be considerably stronger than those of RNA adenine that exists naturally. This is attributed to the carbon-nitrogen atomic substitutions introduced into the adenine skeleton of Remdesivir. Furthermore, regarding the interaction between the sugar moiety of Remdesivir and the RdRp amino-acid residues, the stabilization energy due to the hydrogen bonding and OH/π interactions observed between the nitrile substituent (-C≡N) and Thr687 was −8.13 kcal/mol. This suggests that the sugar moiety of Remdesivir also acquired additional interactions as compared to naturally occurring RNA nucleotides. On the other hand, +1U′ is affected by the twist in the Remdesivir bases, and the intra-strand stacking with +2U' no longer assumes a ladder-like structure, with the interaction subjected to be repulsive. Thus, such enhanced interaction of the nucleic acid analog Remdesivir with RNA bases is thought to trigger termination of the RNA elongation reaction.Fig. 4A diagram of interaction energies between Remdesivir, nearby residues, and bases. The square frames represent RNA bases, and the rounded frames signify RdRp residues. The value beside each arrow represents an interaction energy value, with the unit of kcal/mol. The red lines specifically indicate stabilization by hydrogen bonding. The green lines indicate stabilization by π-π stacking interaction between -1U and -1A′ and stabilization by OH/π interaction with Thr687. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 4

The above results demonstrate that performing FMO calculations for the experimentally determined cryo-EM structure of the RdRp-RNA complex helps deepen the structural biological understanding of the complex. Besides, we succeeded in quantitatively evaluating the intermolecular interactions in the vicinity of Remdesivir. Remdesivir inhibit SARS-CoV-2 replication more efficiently in a cell-based assays than the similar nucleotide analog drugs such as Favipiravir \[[@bib44],[@bib45]\]. However, inhibitory or effective concentrations of a few μM of are not sufficient antiviral activity. Based on the FMO interaction analysis of Remdesivir and RdRp presented in this study, it is possible to start the rational design for more effective drug candidate compounds \[[@bib46]\]. We hope that these findings will prove beneficial for the development of COVID-19 therapeutic drugs.
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